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Abstract
We used dendrochronological methods to construct three fire history chronologies in the interior of the Boston Mountains of Arkansas from 281

dated fire scars identified on 86 shortleaf pine (Pinus echinata) remnants and trees. We describe and contrast these interior sites with sites on the

southern perimeter of Boston Mountains that were documented in an earlier study and examine human, topographic and climatic spatial and

temporal controls on these fire regimes. Fire frequency and human population density at the interior sites were positively correlated during an early

period (1680–1880) of low levels of population, but were negatively correlated during a later period (1881–2000) as human population levels

increased to a much higher level. Wide spread fire occurred more often during drought years in the 1700s with fires likely achieving sizes

unprecedented during the last century. The early (before 1810) fire scar record showed that fire intervals were about three times longer (MFI = 35

years) at the interior sites than at the perimeter sites. Early transitional (1810–1830) settlement by Cherokees at population densities under

0.26 humans/km2 was highly correlated (r = 0.90) with the number of fires per decade in the interior region of the Boston Mountains. Multiple

regression analyses further implicated humans as well as short- and long-term climate variability such as forced by the El Niño/Southern

Oscillation (ENSO) and Atlantic Multidecadal Oscillation (AMO).
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1. Introduction

The relationships between humans, topography, climate and

wildland fire are complex and becoming increasingly important

in the management of fuels and fire regimes. This paper

addresses the history of these interactions in the Boston

Mountains and to a lesser extent the Ozark Highlands of

Arkansas and Missouri using records of fire history derived

from dated fire scars and builds upon results from an earlier

paper (Guyette and Spetich, 2003). These temporally and

spatially explicit fire histories provide perspective and baseline

data relevant to forest restoration, fuels management, human

and ecological history, and species distributions (Rudis and

Skinner, 1991).

Anthropogenic ignitions have overwhelmed the influence of

natural ignitions in much of the central hardwood region

including the Ozarks (Dey and Guyette, 2000; DeVivo, 1991).
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Despite 50–70 thunderstorm days per year (Baldwin, 1973),

only about 1–5 natural ignitions per year occur per 400,000 ha

(Schroeder and Buck, 1970). In contrast, humans have caused

an average of 105 fires per year per 400,000 ha in the Ozarks of

southern Missouri (Westin, 1992) and in Arkansas (USDA Fire

Statistics). Human population density and topography have

been characterized as important variables for understanding

temporal changes and interactions in anthropogenic fire

regimes (Guyette et al., 2002). For example, introduced

European diseases are hypothesized to have decimated many

Native American populations in the Arkansas River valley

(Rollings, 1995) and consequently may have reduced the

frequency of anthropogenic fires.

Climate change and drought occurrence have been shown to

affect the frequency and extent of wildland fires over yearly to

century long time scales (Brown and Sieg, 1996; Caprio and

Swetnam, 1995; Donnegan et al., 2001). Most of these studies

document changing climate–fire relationships in the western

United States with very few studies documenting fire or climate

changes in the eastern or midwestern United States (Dey et al.,

2004; Schuler and McClain, 2003; Shumway et al., 2001).
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Fig. 1. Top: map of topographic roughness index (see Section 2 for explana-

tion) for the northwest portion of Arkansas. Fire history study sites and codes

are given in white (GOB = Gobbler’s Knob, FLW = Falling Waters, GEE = Gee

Creek). Codes for sites from a previous study are CHR = Chigger Road,

GGP = Granny Gap, WOM = White Oak Mountain. This study’s sites are

located in the Boston Mountains in an area (dashed line) given by treaty to

the Cherokee in 1817 (Pitcaithley, 1978). Bottom: this enlarged view of interior

and perimeter Boston Mountains fire history sites shows the topographic

roughness indices with hill shade and portrays the dissected topography of

interior sites and the proximity of the perimeter sites to relatively smooth

topography of the Arkansas Rive valley. The black square represents the region

of former Cherokee settlement along Bear Creek.
The goals of this study were to describe the frequency,

forcing and extent of fire during the last 320 years in oak-pine

forests in the interior of the Boston Mountains. We examined

how human population, topographic roughness and climate

have affected this fire regime, especially during the ignition

limited period (Guyette et al., 2002) when burning was less

influenced by fire suppression and land use change.

2. Methods

2.1. Study sites

The Boston Mountains of Arkansas are classified into Lower

and Upper ecological subsections (Foti, 2004). Three study

sites in the Ozark National Forest (Fig. 1, Table 1) were located

in the Upper ecological subsection or interior of the Boston

Mountains about 22 km north of the Arkansas River Valley. The

study sites were selected by consulting Forest Service district

personnel on the location of stands with shortleaf pines and

remnant wood. From surveys of these sites, three sites

(separated by as much as 40 km) were selected based on the

number, soundness, and age of shortleaf pine trees and remnant

wood. The study sites were limited in area as much as possible

to approximate point mean fire intervals that are unaffected by

both scarring rates and site area (Baker and Ehle, 2001). The

interior of the Boston Mountains is forested and very little non-

forest agricultural activity occurs in the region. Forest

vegetation is mixed hardwood-pine dominated by oak (Quercus

spp.) and shortleaf pine (Pinus echinata) species. The climate is

humid and continental with mean winter minimum tempera-

tures of �2.2 8C and mean summer maximum temperatures of

32.8 8C. Mean annual precipitation is 125 cm. The interior

Boston Mountains are topographically rough with hillsides

350 m in elevation and slopes of 20–308. The region is

comparable to Appalachia in roughness but not in absolute

elevation.

2.2. Sample collection and processing

Shortleaf pine was selected in preference to other tree

species because of the length of record, the scars have charcoal,

the preservation of wood, and the sensitivity of the species to

scarring. Samples were selected based on age and soundness.

Locations (GPS coordinates), slope, and aspect were taken at

each tree site. Cross-sections from shortleaf pine trees, cut

stumps, and natural remnants were surfaced, measured, and

cross-dated. Surfaces of cross-sections were sanded with

successively finer sandpaper (220–1200 grit) and ring widths

were then measured on two radii. Ring-width series from each

sample were plotted and used for visual cross-dating and

signature year identification (Stokes and Smiley, 1968). A

master dating chronology was constructed from the tree-ring

measurements (Stambaugh and Guyette, 2004). The samples

and dating chronology were cross-dated and verified with

shortleaf pine chronologies from Missouri (Guyette, 1996;

Stambaugh and Guyette, 2004) and Arkansas (Dewitt and

Ames, 1978). Computer program COFECHA (Holmes et al.,
1986; Grissino-Mayer et al., 1996) was used to ensure the

accuracy of cross-dated tree-ring series.

2.3. Fire scars and chronologies

Fire scars were identified by cambial injury, callus tissue,

traumatic resin canals, and charcoal. More than 90% of the

fire scars were on the uphill side of the bole (Gutsell and

Johnson, 1996; Guyette and Cutter, 1997). Fire scars were

dated to the year of cambial injury (most often dormant

season fires dated to the following growing season).
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Table 1

Site and fire characteristics of three fire history sites in the interior of the Boston Mountains, Arkansas

Site name

Gee Creek Gobblers Knob Falling Waters

Location 358310N, 938050W 358290N, 938030W 358280N, 928530W
Site area (ha) 50 60 40

Elevation (m) 300–379 404–533 452–529

Ecoregional section, province Interior Boston Mountains, Ozarks Interior Boston Mountains, Ozarks Interior Boston Mountains, Ozarks

Forest type Oak and pine Oak and pine Oak and pine

Number sample trees 34 26 26

Total years of record 5056 3159 3761

Years with fire 61 61 64

Number of fire scars 99 91 91

Period of record 1587–2003 1616–2003 1706–2004
Experiments have shown that a 15–20 min exposure was

required to kill the cambium under 4 cm of bark when

exposed to air temperatures of 532 8C (Lowery, 1968). Thus,

fire intensity and duration differences among tree sites make

the scarring of trees highly variable. For this reason multiple

samples are needed in order to minimize spatial scarring

differences due to differences in temperature.

We used computer program FHX2 (Grissino-Mayer, 2001)

to generate summary statistics and create tree and composite

fire scar chronology graphs and SAS/STAT (2002) system was

used for the summaries of means, regression modeling, and

correlation analyses. Superposed epoch analysis (SEA) was

conducted to determine the association between drought and

fire occurrence for the eight fire events with the highest

percentage of trees scarred during the pre-Cherokee and

European settlement periods (1700–1810) (Swetnam and

Baisan, 1996). Fire event data were compared to proxy climate

data reconstructed from tree rings to determine if climate was

significantly different from average during the 6 years

preceding and 4 years succeeding fire events. The proxy

climate data used were the reconstructed Palmer Drought

Severity Indices (PDSI) (Cook et al., 2004) averaged for the

Ozark region (see Section 2.7).

In addition to the three interior Boston Mountain composite

fire scar chronologies we used four additional data sets of fire

scar chronologies in the analysis. First, we averaged both the

percentage of trees scarred per year and the number of fires per

decade for the three interior Boston Mountain sites. This

created two separate time series that were used in correlation

analyses with population and topographic roughness index

data. Second, we averaged the percentage of trees scarred and

fires per decade data from the three interior Boston Mountain

sites with that from three fire scar chronologies from the

perimeter of the Boston Mountains (Guyette and Spetich,

2003). This data set was also used for correlation analysis with

northern Arkansas climate and human population data. Third,

we used published fire scar data from sites in Missouri for a

topographic comparison analysis and for a regional Ozark

description of fire occurrence in drought years (Cutter and

Guyette, 1994; Guyette and Cutter, 1991; Batek et al., 1999;

Guyette and Stambaugh, 2003a,b; Dey et al., 2004; Stambaugh

et al., 2005).
2.4. Fire intervals

Fire intervals have been described in several ways. Mean fire

intervals (MFIs) are the most often used and are simply the mean

of the periods between fire scars (i.e., fire events) in years

(Dieterich, 1980). Weibull median fire intervals (WFIs) take into

account the often skewed non-normal distribution of fire

intervals in calculating a value of central tendency (Grissino-

Mayer, 1995). For fire scar history studies the use of MFI and

WFI computational methods work well for periods with many

intervals but pose problems in early and less homogenous (with

respect to fire frequency) periods. One analysis approach

(Grissino-Mayer, 2001) is to omit the tree-ring record of trees

until they are first scarred. However, when early portions of fire

chronologies are not considered because of no or few fire events

despite having multiple potential recording trees present then the

analysis of fire frequency using MFI or WFI statistics can be

misleading. Furthermore, when many recorder trees (trees that

are scarred) show no fire in the early periods of record (as

occurred in this study) we suggest this likely can be interpreted

(from the data) as a period of no or few fires. For example, in this

study at the Falling Waters site (FLW), the period 1740–1810 has

only one fire scar and the resulting MFI and WFI would be

missing for this 680 years of individual tree tree-ring records. If

there were two closely spaced fire scars the MFI could be 2 years.

Not considering the period of record prior to an initial fire scar

suggests that the tree was not susceptible to fire and contradicts

the findings that smaller trees scar more easily (Guyette and

Stambaugh, 2003c; results later in this study), and is a violation of

the scientific method (manipulating the data based on unproven

and preconceived ideas). Thus, in attempt to consider the full

period of the tree-ring record we used a mean fire occurrence

period (MFOP) defined as a period of time divided by the number

of fire events in the composite fire scar chronology. The MFOP

statistic better describes the frequency of fire when the lengths of

intervals are changing or there are very few scars but is nearly

identical to mean fire interval when the fire scar record has many

scars during a given period of record. Correlation analysis was

used to relate fire frequency (MFIs, WFIs, MFOPs, fires per

decade) to topographic roughness indices, human population

density, and climate. Multiple regression analysis was used to

develop equations describing the variability of both the percent of
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Fig. 2. The Gobblers Knob fire history showing the fire scar dates of individual

trees and a fire scar composite chronology (bottom of figure). Each horizontal

line represents the length of a trees potential fire scar record.
trees scarred and fire frequency from topographic roughness,

human population density, and climate variables.

2.5. Topographic roughness

Irregularities in the landscape surface, or topographic

roughness, can contribute to the spreading behavior of fire in

an area of highly dissected topography. The rate of spread of a

low intensity surface fire may decrease because fire burns

slower down steep slopes; because fuel continuity is broken by

creeks, rivers and rocky outcrops; or because fuel moisture

content varies by aspect. Fire size, as mitigated by topography,

affects the frequency of fire spreading into a site. Indices of

topographic roughness were used to reflect topographic

inhibition of the propagation of fire across the landscape.

Indices of topographic roughness were developed by compar-

ing surface area measurements made with two different sized

scales (Guyette and Dey, 2000; Guyette and Kabrick, 2002). A

circular area, 2.7 km in radius was delineated for all cells using

a 30 m digital elevation model. The surface area of the earth

circumscribed by this circle was calculated from pixels that are

30 m on a side. Their slope and a trigonometric conversion were

used to estimate the area of the uneven land surface. The pixels

were summed to estimate the surface area of the landscape

enclosed by the circle. This measure was then divided by the

planimetric surface area (the large scale in this case) of a circle

that is 2.7 km in radius. This ratio of the actual surface area to

the planimetric surface area is an index of topographic

roughness (Fig. 1). Correlation analysis was used to document

changes in the influence of topographic roughness on mean fire

intervals by stage of the anthropogenic fire regime.

2.6. Human population density

Human population data were derived from decadal Arkansas

census data and population estimates (Coulson and Joyce, 2003).

Historical estimates of Cherokee population west of the

Mississippi are between 3500 and 6000 in Southeast Missouri

and later in Northwest Arkansas (Royce, 1899; Gilbert, 1996).

During the winter of 1811–1812 many Cherokee moved from

Missouri to Arkansas and their population in northwest Arkansas

increased to about 4500 (Stevens, 1991). By treaty, in 1817, they

were granted an area of about 15,570 km2 between the Arkansas

and White Rivers (Fig. 1) (Pitcaithley, 1978). In 1828, the

Cherokee moved west to Oklahoma. Thus, population density of

the Cherokee in the ceded territory peaked at about 0.29 humans/

km2 in the 1820s. The fire history study sites are located in the

Cherokee lands and near (10–30 km) one of the former Cherokee

village sites on Bear Creek (Fig. 1). Linear interpolation was used

to calculate annual population density from decadal census data

and above-mentioned population data were used to calculate pre

Euro-American settlement population densities.

2.7. Climate data

We averaged the percentage of trees scarred at the study

sites and from three previous study sites located on the
perimeter of the Boston Mountains (Guyette and Spetich,

2003) to address the broad scale effects of climate (see

Section 2.4). Additionally, we used fire history data from all

sites in the Boston Mountains and sites in Missouri for a

region-wide Ozark drought-fire analysis (Batek et al., 1999;

Guyette et al., 2002). Several hemispheric proxy climate

indices and variables were obtained and considered includ-

ing: the Atlantic Mutidecadal Oscillation (AMO) (Gray et al.,

2004a,b), North Atlantic Oscillation (NAO) (Glueck and

Stockton, 2001), El Niño/Southern Oscillation (ENSO)

(Cook, 2000), North American temperature (Briffa et al.,

1998), the Pacific Decadal Oscillation (PDO) (Biondi, 2001),

and Ozark region reconstructed Palmer Drought Severity

Index (PDSI) (Cook et al., 1999, 2004) as predictor variables.

Ozark region reconstructed PDSI data were averaged for

Arkansas (gridpoint 202) and southern Missouri (gridpoints

201, 210). In a time-series analysis of fire frequency, drought

data were smoothed using a 10-year moving average so to

correspond to fires per decade. All data are available from the

National Climate Data Center, National Oceanic and Atmo-

spheric Administration.

3. Results

3.1. Fire scars and record

Two hundred and eighty-one fire scars were identified and

dated to the calendar year at the three study sites (Figs. 2–4).

The period of record ranged from 1587 to 2003. Fire scar dates

ranged between 1608 and 2000. The fire scar record and the

evidence of fire extended to before 1750 at all of the sites

(Table 1). A total of 11,979 tree rings (years) were recorded by

the 86 dated woody remnants and trees.

3.2. The early fire record (trees not scarred or few fires)

The age when trees are first scarred reflects their

vulnerability to initial scarring based on their diameter. The
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Fig. 3. The Falling Waters fire history showing the fire scar dates of individual

trees and a fire scar composite chronology (bottom of figure). Each horizontal

line represents the length of a trees potential fire scar record.

Fig. 4. The Gee Creek fire history showing the fire scar dates of individual trees

and a fire scar composite chronology (bottom of figure). Each horizontal line

represents the length of a trees potential fire scar record.
best fire recorder trees are small trees that get scarred and

survive. We found that 82% of initial scars were on trees that

were under 60 years of age (Fig. 5). This information is critical

in the interpretation of the early record of many fire scar

chronologies. For example, in the Falling Waters fire scar

chronology (Fig. 3) more than 60 calendar years and 735 years

of record show a single fire scar. Does this mean that the trees
Fig. 5. This frequency distribution of the age of shortleaf pine trees when firs
are not recording? This is doubtful since most of the trees

during this period are at an age (<60 year) and size when they

are most vulnerable to initial scarring. Thus, we feel that these

trees are recording a period of few fires in the study region. This

period of low fire frequency is replicated by the Gee Creek fire

scar chronology (Fig. 4).

3.3. Composite fire intervals

Fire scar dates were combined into composite fire scar

chronologies for each site (bottom line Figs. 2–4). Composite

fire intervals ranged in length from 1 to 117 years. Site level

WFIs and MFOPs for the combined sites are given in Table 2.

These metrics document the presence of a fire in at least one

location within a study site that was of sufficient intensity to

scar at least one tree. The fire intervals for the depopulated

Native American Period (<1680–1810) at all sites were about

10 or more times longer than the two later periods of Cherokee

and Euro-American settlement (1811–1880) and Regional

Development (1881–1920). Fire intervals (MFOPs) at all of the

interior Boston Mountains sites increased in length abruptly

circa 1920 (Table 3).

3.4. Seasonality

Over 90% of the scars were from injuries received during the

dormant season or were undetermined as to seasonality. These

injuries occurred when cambial growth was inactive, which

usually begins in September and ends in mid- to late-April, a

period when climate (low humidity, higher surface winds) and

fuels (annual input of fresh dry leaf litter, more solar exposure

of the litter fuels) favor burning.

3.5. Fire frequency and human population

Fire frequency (fires per decade) at the study sites was found

to be positively related to the population of Cherokees moving

in and out of the study region (Fig. 6). Beginning circa 1817 the

Cherokee began moving to Northern Arkansas by treaty and

then in 1829 they moved out of Arkansas to Oklahoma. All

three interior Boston Mountain fire scar chronologies show an

increase in fires per decade associated with Cherokee

population density. A maximum of about seven fires per

decade (a MFI of 1.43 years) occurred when Cherokee

population density was highest (about 0.26 humans/km2).
t scarred illustrates that young trees are the most susceptible to scarring.
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Table 2

Periods and characteristics of the fire regime at three sites in the interior of the Boston Mountains

Period

Depopulated

Native American

Transitional

Native American

Euro-American

settlement

Regional

development

Fire suppression and

timber management

Factors most

limiting fire

Ignitions Ignitions and fuels Fuels Fuels Value of xylem

over protein

Dates �1680–1810 1810–1830 1821–1880 1881–1920 1920–2000

Economic activities Hunting and gathering Subsistence

agriculture and

hunting

Subsistence agriculture

and hunting

Regional trade in

forest resources and

subsistence

Industrial forestry

and tourism

Mean human population

density (humans/km2)

0.08 0.65 2.4 9.6 12.6

MFOP (3 site mean) 34.7 years 2.2 years 2.1 years 2.5 years 26 years

Gee Creek WFI na 2.0 2.2 1.8 na

Gobbler Knob WFI na 1.4 1.5 2.4 na

Falling Water WFI na 1.5 3.8 5.4 3.7

The fire scar record for the depopulated Native American period begins at different times (see Table 1). MFOP is the mean fire occurrence period and WFI is the

Weibull median fire interval. Weibull distribution estimates are not applicable (na) for early and late periods with no or few clumped fire event dates.

Table 3

Comparison of fire regimes and variables for the interior and perimeter Boston Mountain fire history sites

Fire site code

GEE GOB FLW GGP CHR WOM

Distance to the perimeter of the Boston Mountains (km) 13 23 30 1.5 2 2

Topographic roughness (index) 1.039 1.034 1.042 1.028 1.022 1.021

MFOP (before 1810) in years 22.2 22.0 60 5.2 13.9 13

MFOP (before 1820) in years 14.7 15.5 11.6 4.6 13 16

MFOP (1810–1830) in years 2.5 1.8 2.2 4.0 10 6.7

MFOP (1821–1880) in years 2.4 1.7 2.1 3.1 2.0 3.0

MFOP (1881–1920) in years 2.2 3.1 2.1 5.0 1.4 2.4

MFOP (1921–2004) in years 27.7 41.5 7.5 >80 >80 >62

Interior Boston Mountain site codes are GEE for Gee Creek, GOB for Gobblers Knob and FLW for Falling Waters. Perimeter Boston Mountain site codes are GGP for

Granny Gap, CHR for Chigger Road and WOM for White Oak Mountain (Guyette and Spetich, 2003). MFOP is the mean fire occurrence period.
Although it is difficult to address the statistical significance of

these autocorrelated series because of the dependence of these

observations (moving averages and annual population inter-

polation), the strength of the correlation between fires per
Fig. 6. Comparison of Cherokee population density and fire frequency at the

interior Boston Mountain fire history sites. Human population data is inter-

polated from decadal estimates and fire frequency data is a moving average of

the number of fires per decade at the interior Boston Mountain study sites.
decade and Cherokee population was robust (r = 0.90) and

predicted prior to this analysis.

3.6. Fire intervals and topographic roughness

The interior Boston Mountain fire history sites are surrounded

by very rough topography. This topography is hypothesized to

reduce the spread of fire into these sites thereby lengthening fire

intervals (Guyette and Dey, 2000). The three interior Boston

Mountain sites did not have enough degrees of freedom for a

statistical test of the significance of the correlation among mean

fire intervals and topographic roughness so we used both

Arkansas and Missouri fire history sites for this test. We found

that the length of fire intervals during the early fire record

(<1750–1810) when anthropogenic ignitions were limited

(Guyette et al., 2002) were significantly and positively correlated

(r = 0.78, p < 0.01) with the topographic roughness index

(Fig. 7). This analysis included other sites from Arkansas and

Missouri (see Section 2.3). Comparisons between interior and

perimeter Boston Mountains sites (Table 4) suggest topographic

roughness is an important control on the fire regime and

caused pre-settlement fire intervals to be longer in the more

topographically rough interior.
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Fig. 7. Log-normal scatter plot of pre-European and pre-Cherokee (1700–

1810) fire intervals (mean fire occurrence periods) and topographic roughness at

six sites in Arkansas (this study with MFOP compared with MFOP from a

previous study (Guyette and Spetich, 2003)) and six sites in Missouri (Batek

et al., 1999).
3.7. Fire extent and co-occurrence in the Boston

Mountains

Several fires scarred 25 or more percent of the sample trees

at the study sites. The highest percentage of trees scarred was in
Table 4

Comparisons among fire history variables between the interior and perimeter Bost

Fire site group

Interior Boston Mountains

GEE GOB FLW I

o

Composite site fire interval

(before 1810), MFI range

22.2 (1–117) 14.2 (7–20) 60 (>60) 3

Site years of record per scar

(before 1810)

169 110 780 3

Scar per year per tree

(before 1810)

0.0074 0.009 0.0026 0

Scars per tree

(before 1810)

0.62 0.571 0.063 0

Six sites and 131 trees were used in this comparison. Shaded columns are means for s

shaded cells with bold font are significantly different ( p = 0.05) within rows.

Table 5

Major fire years at the interior Boston Mountain study sites, six sites in the Arkan

Fire year Arkansas

(6 sites) (%)

Interior Boston

Mountains (3 sites) (%)

Missour

sites) (%

1780 66 33 50

1808 66 66 26

1786 66 66 23

1772 50 0 27

1753 33 66 39

1801 33 66 31

1800 33 0 27

1748 33 0 20

Rank is by the mean percentage of all Arkansas and Missouri Ozark region sites. Dr

(Cook et al., 1999, 2004). More negative values have increasing drought severity.
1818 at Gobblers Knob (57%), in 1813 at Gee Creek (31%), and

in 1917 at Falling Waters (67%) sites. The 1917 fire at Falling

Waters, which scarred far more trees than usual, could have

been a slash fire during disturbance from logging activity. The

study sites had several fire years in common during the 1700s

although there were no years before 1810 when fires occurred at

all the Interior Boston Mountain sites. Before 1810, two-thirds

of the study sites showed evidence of fire in 1808, 1801, 1786,

and 1753. Many fire years at the interior study sites were years

in which there was evidence of fire at the perimeter Boston

Mountains sites and in the Missouri Ozarks (Table 5). Years

with many fires (>25% sites burned) in the Missouri and

Arkansas Ozarks appear to have occurred about every 8.5 years

between 1748 and 1808 (Table 5). The most extensive fires

occurred in 1780 when 58% of all Arkansas and Missouri sites

showed evidence of scarring.

3.8. Fire and climate

Before 1810 the percentage of trees scarred at all Boston

Mountain sites was weakly correlated with drought severity and

ENSO indices, but not with PDO and AMO (Table 6). Between

1810 and 1910 the percent of trees scarred was significantly

correlated with the AMO. A superposed epoch analysis

(Swetnam and Baisan, 1996) showed significant patterns in

the occurrence of drought during large fire years. Eight of the
on Mountain sites before 1810

Perimeter Boston Mountains

nterior sites

r trees

GGP CHR WOM Perimeter sites

or trees

2.1 5.2 (1–9) 13.9 (6–27) 13 (5–82) 10.7

53 21.9 75.2 83.8 60.3

.0066 0.040 0.012 0.014 0.0177

.46 4.86 0.889 0.75 1.59

ites or trees and were tested for means (HO: means are not different). Variables in

sas Ozarks, and 26 sites in the Missouri Ozarks

i (26

)

Drought condition (PDSI) Rank Ozark region

mean (%)

Incipient dry, �0.99 1 58

Near normal, �0.46 2 46

Mild drought, �1.14 3 44

Extreme drought, �4.45 4 38

Mild drought, �1.78 5 36

Extreme drought, �4.33 6 32

Severe drought, �3.34 7 30

Mild drought, �1.41 8 26

ought is the Ozark region reconstructed Palmer Drought Severity Index (PDSI)



R.P. Guyette et al. / Forest Ecology and Management 234 (2006) 293–304300

Table 6

Correlation coefficients among the percent of trees scarred at all the Boston Mountain sites and climate variables

Percent trees

scarred 1680–1810

Percent trees

scarred 1810–1910

Percent trees

scarred 1680–1910

PDSI �0.22 �0.20 �0.18

ENSO �0.25 �0.17 �0.19

PDO 0.05 0.068 0.003

AMO �0.08 0.31 �0.025

Climate variables are: Palmer Drought Severity Index (PDSI), El Niño/Southern Oscillation (ENSO), Pacific Decadal Oscillation (PDO), and Atlantic Mutidecadal

Oscillation (AMO).
years with the largest percent of trees scarred between 1740 and

1810 in the Ozarks of Arkansas and Missouri occurred in

drought years that were preceded by wet years (Fig. 8). These

eight fire years had an average PDSI of�2.20. Significantly wet

years proceeded the eight large fire years by 3 and 4 years.

Multiple regression analyses (including all Boston Mountain

sites) indicated that both anthropogenic ignitions and climate are

forcing factors in the fire regime of the Boston Mountains. We

analyzed fire and climate data during the Ignition Limited Period

between 1740 and 1880—a period when widespread burning and

frequent ignitions did not inundate the landscape and a positive

relationship between human population density and fire

frequency was expected (Guyette et al., 2002; Guyette and

Spetich, 2003). In addition, we began the analysis in 1740 when

all interior and perimeter Boston Mountain sites had a fire history

record. The percent of trees scarred at all the Boston Mountain

sites during a particular year was a function of population density

(an ignition proxy), drought (PDSI) and sea surface temperature

(ENSO) as expressed in the following equation:

Trees scarred

¼ 2:24þ 1:21 ðPOPÞ � 1:3 ðENSOÞ � 0:61 ðPDSIÞ; (1)

where ‘Trees scarred’ is the percentage of trees scarred, POP is

humans/km2 with a partial r2 of 0.227, ENSO the El Niño/
Fig. 8. Superposed epoch analysis showing the serial pattern of drought

conditions before and after the eight largest fire years (Table 5) during the

pre-Cherokee and pre-European settlement period (1700–1810) at the study

sites. The fire years are the zero years. Dotted lines are the 95% confidence

intervals.
Southern Oscillation Index with partial r2 of 0.062, PDSI the

Palmer Drought Severity Index with a partial r2 of 0.025, and a

model r2 of 0.31. The low percent of variance explained by

ENSO and PDSI in addition to their autocorrelation cast doubt

on their statistical significance, however they are included

because of their probable climatic significance.

Fire frequency (fires per decade) was primarily a function of

population density (an ignition proxy), the Atlantic Multi-

decadal Oscillation (AMO), and drought (PDSI) as expressed in

Eq. (2) and Fig. 9. For Eq. (2), model significance and degrees

of freedom was based on an average autocorrelation (r = 0.70)

of dependent and independent variables at 10-year lags:

Fire frequency

¼ 1:04þ 1:45 ðPOPÞ � 1:04 ðAMOÞ � 0:56 ðPDSIÞ; (2)

where ‘Fire frequency’ is the moving average of scars per

decade, POP the humans/km2 (partial r2 = 0.83), AMO the

Atlantic Multidecadal Oscillation (partial r2 = 0.10), PDSI

the smoothed Palmer Drought Severity Index (partial

r2 = 0.02), d.f. = 23, model r2 = 0.95, model significant

( p < 0.05). Again, the low percent of variance explained by

AMO and PDSI combined with their autocorrelated observa-

tions calls their statistical significance into question.
Fig. 9. Actual (bold line) and regression estimates (thin line) of fires per decade

(1740–1880) predicted from human population density and climate variables

for all sites in the Boston Mountains (Eq. (2)).
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4. Discussion

4.1. Fire scars and the early record

The most striking aspect of the fire scar record in the interior

Boston Mountains was the reduced evidence of fire compared

to sites at the perimeter prior to the movement of the Cherokee

into the study area. This evidence is well founded as the interior

fire chronologies contained an abundance (4538 years of

record) of smaller (more scar susceptible trees) trees during this

period. The reduced influence of fire (Table 3) at the study sites

in the interior supports the hypothesis that fire frequency in this

region was mitigated by the effects of topographic roughness on

the propagation of fire from neighboring sites.

Composite MFIs or WFIs are poor descriptors of fire events

when intervals are few and incomplete. The MFOP, which

closely approximates MFI type intervals during periods with

many fire intervals, makes comparisons between sites possible

when the record has little evidence of fire. The MFOP metric is

particularly well suited for the early part of a tree’s record and is

made possible by statistics presented here and elsewhere

(Guyette and Stambaugh, 2003c) that indicate younger and

smaller trees are better recorders of fires than larger diameter

trees.

4.2. Seasonality

Nearly all of the fire scars were caused by dormant season

injuries indicating that fall, winter, and early spring fires were

most common. The only fire scar evidence for the season of

burning (i.e., fall versus spring) is speculative. The superposed

epoch analysis (Fig. 7) indicates that fires occurred most often

in the year of reconstructed drought. This type of response is

temporally most closely associated with spring fires which are

dated to the calendar year of the drought reconstruction. Fall

fires and their subsequent wounding, although dated to the

following year’s injury response, precede the growing

conditions used to reconstruct drought by about half a year

(October–April). We expect that fire regimes with primarily fall

fires would have scars that would be most strongly associated

with the reconstructed drought of the year before a dated injury.

The epoch analysis does show that large fire years are often

preceded by drier than normal condition (PDSI = �0.70), but

this is much less than the drought conditions of the dated scar

year. We conclude, based on evidence provided by superposed

epoch analysis, that both large spring and fall fires were

common in the Boston Mountains.

4.3. Fire intervals and topographic roughness

The pre-settlement fire intervals in the interior of the Boston

Mountains are consistent with expectations about the effects of

fire propagation as mitigated by topographic roughness.

Compared to other Ozark fire history sites the interior Boston

Mountain sites are among the most topographically rough and

subsequently are associated with long pre-settlement fire

intervals. The fire intervals are generally consistent with
propagation limited fire regimes found in Arkansas and Missouri

in that the relationship between topographic roughness and fire

intervals appears to be non-linear (logarithmic y-axis, Fig. 6).

Topographic controls on the frequency of fire become less

important as ignitions become more widespread and frequent

with increasing human population density. The data bear this out

as fire becomes equally prevalent despite topography after

human population reaches greater and greater densities.

4.4. Fire frequency and human population

This study has important implications for the study of fire,

humans, and historical vegetation in eastern North America.

These implications concern how many Native Americans, with

a known culture of burning, were required to maintain a given

frequency of fire in a given landscape. Through this concept fire

frequency can be a function of human population in time and

space. The fire chronologies indicate that population densities

of 0.26 humans/km2 (e.g., Cherokee) can bring fire intervals to

less than 2 years in the highly dissected Boston Mountains.

These intervals approach the limits on fire frequency caused by

fuel accumulation (see fuel limited periods, Guyette et al.,

2002) needed to support the propagation of fire across this

landscape. This human–fire relationship is important beyond

the Boston Mountains. Seldom are data available both before

and after Native American occupation that allow for the

calibration of fire frequency and population densities in a

landscape with moderate resistance to the propagation of fire. If

this level of population density can result in a high frequency of

fire (MFI = 1.5 years) then it is not difficult to imagine that in

much of eastern North America a population density of about

this magnitude in a landscape much less topographically rough

would have had a major impact via fire on the vegetation and

landscape (Batek et al., 1999; Delcourt and Delcourt, 2004).

4.5. Fire extent and co-occurrence in the Boston

Mountains and the Ozarks

The extent of fires that burned during severe drought

conditions in the Arkansas and Missouri Ozarks during periods

of low human population has not been addressed before.

Assuming the study sites are representative of the Arkansas and

Missouri Ozarks (sites were not randomly chosen), then this

landscape had rotation intervals for large-scale fires that

approached phenomenal. Between 1748 and 1810 the Ozarks

sites in Arkansas and Missouri were burned over 310% in 60

years (Table 5). This yields a rotation interval of about 19.3

years for fires that occurred under moderate or severe drought

conditions. In other words, an area the size of the Ozarks

(12,950,000 ha or 50,000 mi2) burned about every 20 years.

Although the Ozarks are often characterized as having a fire

regime of frequent low intensity surface fires, we should add to

this that fires occurred over large sections of the Ozarks (an 8.5

year mean fire interval for large-scale fires) during moderate to

extreme drought years. Because of the association between fire

size and severity many of these fires may have been classed as

mixed severity.
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Large fires (with mixed severity) may have contributed to

the dominance of oak species in the Arkansas Ozarks. Fires are

likely to suppress tree species that are significant competitors to

oak and to open forest canopies, thus increasing the competitive

capacity of oaks relative to fire susceptible competitors

(Spetich, 2004). Based on General Land Office survey records

from the early 1800s Foti (2004) found that oak represented

70% of the survey record trees in the Boston Mountains. These

communities were also more open than today. These conditions

are consistent with that expected after frequent and periodically

severe fires described above.

4.6. Fire and climate

We analyzed the possible forcing of both fire frequency (fires

per decade) and the percent of trees scarred by climate

variables. Although large fire years occurred in drought years as

discussed above, many drought years (PDSI < �2.0) such as

1742, 1767, 1785, and 1799 had little or no occurrence of fire.

Since both dry fuels and ignitions are required to produce a

wildland fire the forcing of fire by climate was expected to be

dependent on anthropogenic ignitions.

Climate was found to be significantly related to both fire

frequency and the percent of trees scarred. Although, we found

weak and often transient correlations between fire and proxy

climate variables (Table 6), multiple regression analysis

enabled the examination of climate and fire variable residuals

after the influence of human ignitions was removed. The

percent of trees scarred model (Eq. (1)) indicated that both

ENSO and PDSI may have an effect on the percent of trees

scarred in a year. The small response of the percent of trees

scarred to climate compared to many fire regimes in western

North America is probably due to the lack of ignition during

many of the drought years, the asynchrony of the fire season

(dormant season) and the growing season based drought

reconstructions, and the mitigation of surface fire propagation

by topographic roughness. The analysis of changing fire

frequency (Eq. (2)) using stepwise multiple regression showed

that two proxy climate variables: smoothed PDSI and the AMO

were predictors of fires per decade in addition to human

population density. The AMO is hypothesized to be related to

midwestern drought and possibly the frequency of fire (Gray

et al., 2004a). These results suggest that drought as influenced

by low frequency climate cycles such as the El Niño/Southern

Oscillation (ENSO) and Atlantic Multidecadal Oscillation

(AMO) serves to amplify the frequency of fire and the percent

of trees scarred in the Ozark region.

5. Conclusion

This study found that fires occurred less frequently in the

interior of the Boston Mountains in comparison to the perimeter

during the pre-settlement era. The difference between the

interior and perimeter sites suggests that topographic roughness

limited the propagation of surface fires when the fire regime

was ignition-limited but not after settlement when human

ignitions became spatially abundant. However, due to the small
sample size and area covered by the interior sites (3 sites and 86

trees) these results may not be applicable across the whole

interior of the Boston Mountains. After Euro-American

settlement, differences in fire frequency between interior and

perimeter sites were no longer significant as all sites burned

equally frequent (WFI < 2.5 years).

Fire frequency was strongly associated with the timing and

location of human populations and their associated ignitions

below a threshold population level (4.46 humans/km2) that was

exceeded in the Boston Mountains circa 1880. Above this

population threshold more humans are associated with

decreasing fire frequency. Historically, a small group of Native

Americans, the western Cherokees, that occupied northern

Arkansas by treaty between 1817 and 1829 are associated with

a peak in fire frequency of about 6.7 fires per decade (MFI = 1.5

years) at a population density of about 0.26 humans/km2. This

short mean fire interval may reflect a concerted silvicultural

effort to culture a less densely forested landscape.

We found that drought and large-scale circulation patterns

(e.g., AMO and ENSO) exhibit probable forcing of the Boston

Mountain fire regime. Although, climate effects proved to be

much less important than human effects, large fire years during

early periods of low population density were strongly climate

influenced, particularly by drought. Fires during these drought

years burned large areas (26–58%) of the Arkansas and

Missouri Ozarks at frequent (about every 8.5 years) intervals.

Because the size of fires and their severity are often highly

correlated we speculate that during large Ozark fire years mixed

severity fires occurred across the landscape.
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